To examine the influence of diabetes on the progression of coronary atherosclerosis and primary myocardial alterations in the rhesus monkey, a Purina or atherogenic diet was fed to nondiabetic animals of groups 1 and 2, respectively, and also to groups 3 and 4 with alloxan diabetes. After 18 months, cardiac studies were performed, by indicator dilution in the intact anesthetized state, at similar levels of heart rate and aortic pressure. Despite comparable basal hemodynamics, preload increments with saline evoked a stroke work response that was significantly less in both diabetic groups. Left ventricular end-diastolic pressure rose from 10.1 ± 1.4 mm Hg to 20.5 ± 2.7 in group 3, and from 11.1 ± 2.1 to 24.0 ± 3.3 in group 4, which were significantly higher elevations than occurred in the controls. End-diastolic volume rose much less in diabetics. Indices of contractility as well as left heart weight were normal Hydroxyproline concentrations were 4.98 ± 0.33 g/mg dry weight in group 1, 5.16 ± 0.24 in group 2, 8.4 ± 0.35 in group 3, and 7.1 ± 0.37 in group 4. Soluble collagen wa» significantly diminished and the insoluble fraction enhanced in diabetics and was the apparent basis for enhanced wall stiffness. The collagen increment was most evident between myoflbers. Cardiac cell organellee by electron microscopy, tissue cation concentrations, as well as the myocardial lactate response to pacing, were within normal limits. Cholesterol content of the coronary arteries, as a measure of the early atherosclerotic process observed as lipid streaks, was similarly increased in the nondiabetic and diabetic monkeys on lipid diets, with respective plasma cholesterols of 367 ± 55 and 408 ± 62 mg/100 ml. The diabetic-Purina group had a lower but significantly elevated coronary artery cholesterol, associated with higher plasma glucose and nonsterol lipid levels. Thus, in this primate model, diabetes did not intensify either the early coronary lesions induced by moderate hypercholesterolemia, nor were the myocardial changes associated with diabetes altered by the presence of moderate hypercholesterolemia.
A RELATIVELY high incidence of cardiac events in patients with diabetes mellitus has been attributed to coronary atherosclerosis (Kessler, 1971) . However, abnormalities of the myocardium independent of atherosclerosis have been described in animals with spontaneous (Giacomelli and Wiener, 1979; Regan et al., 1974) or experimental diabetes (Regan et al., 1974) , as well as in human diabetics (Ledet, 1976; Regan et al., 1977) .
The present study was undertaken to examine the relative progression of coronary atherosclerosis and primary myocardial alterations in a species susceptible to atherosclerosis, the rhesus monkey. For this purpose, an atherogenic diet was fed to a group of nondiabetic and diabetic animals. Moderate hypercholesterolemia was induced in nondiabetic monkeys to produce coronary artery lesions that were not advanced, so that intensification by another atherogenic stimulus might be detected more readily. Coronary artery lipid composition, histopathology, and myocardial blood flow responses during enhanced oxygen demand were compared.
To determine whether or not dietary lipids influenced the myocardial response to chronic insulin deficiency, the left ventricular function and composition of diabetic animals fed either Purina chow or a high lipid diet were studied. In view of the morphological evidence of collagen accumulation observed in the myocardium of human diabetics (Ledet, 1976; Regan et al., 1977) , the quantification and solubility characteristics of this fibrous protein also have been assessed.
Methods
Twenty-eight healthy male rhesus monkeys, 7-10 years of age, and weighing 8-11 kg were selected for study after 3 months of observation. In this period, these animals were observed to have stable body weight and normal hematocrits, serum electrolytes, albumin and total white cell counts and differentials. Each was identified by a number tatooed on the abdomen.
Dietary Interventions
The atherogenic diet was composed of 40% of calories derived from lipid (lard with a 2:1 saturated to unsaturated fatty acid ratio), 42.4% from carbohydrate (sucrose and cornstarch), and 17.6% from protein (soy bean and egg yolk). Cholesterol, as 0.6% by weight of the diet, was provided from the egg yolk and crystalline cholesterol blended with the other dietary components, including a vitamin supplement and salt mix (Philips-Hart). Ad libitum feeding of the lipid diet and supplemental fruit was associated with moderate weight gain, as previously reported (Kramsch and Hollander, 1968) .
To examine the interaction of the lipid diet and diabetes, animals of group 2 (control-lipid, n -11), group 3 (diabetic-Purina, n = 6), and group 4 (diabetic-lipid, n = 6), were randomized into the study after 3 months of diet. Shortly thereafter, a need to modify the protocol became evident, and group 1 was added as a control-Purina group (n = 5).
Diabetes Model
After induction of light anesthesia with phencyclidine HC1 (4 mg/kg, im) alloxan monohydrate (20 mg/kg) was administered in saline over 1 minute via a systemic vein to monkeys that had been fasted for the previous 20 hours. A second dose was given 4 weeks later. This regimen was sufficient to produce a sustained hyperglycemia over the 18-month observation period. Three of the animals in group 3 and two in group 4 required protamine zinc insulin for 2-4 months after alloxan due to severe ketoacidosis. Dosage ranged from 0.5-4.0 U/kg, sc. No therapy was required for the final 14 months of the diabetic state. Plasma-free fatty acid (Kelly, 1975) as a measure of the degree of metabolic abnormality was determined only during the terminal study to minimize blood removal. Three paired samples of arterial blood revealed a mean value of 852 ±118 juEq/liter in group 1, 1271 ± 130 in group 2, 3302 ± 669 in group 3, and 1484 ± 344 /xEq/liter in group 4. Thus, the diabetics on Purina diet (group 3) had significantly higher free fatty acid levels than the controls on the Purina diet (P < 0.02) as well as the lipid-diet groups that were diabetic (P < 0.05) or nondiabetic (P < 0.02).
It has been reported previously that direct myocardial toxicity does not occur with alloxan even after large doses (Rerup, 1970) . In a recent study of the isolated rat heart 3 days after a 60 mg/kg dose, left ventricular function was depressed (Miller, 1979) . When glucose transport was enhanced, ventricular function was normalized, supporting the view that severe diabetes and its metabolic consequences, rather than a direct toxic effect, were responsible. Since abnormalities of myocardial function and composition were not observed in a chronic canine model in which the pancreatic effects of alloxan (20 mg/kg) and resultant diabetes were prevented (Regan et al., 1974) , a chronic car-diotoxic effect at this dose range appears unlikely. A similar experience after the blockade of the P cell effects of streptozotocin has also been reported (Penpargkul et al., 1980) . Moreover, similar abnormalities of the left ventricle were observed in animals with spontaneous diabetes, as well as with alloxan-induced diabetes (Regan et aL, 1974) .
Glucose tolerance was measured before and at four-month intervals after the initial dose of alloxan. Beginning 10 minutes after anesthesia with phencyclidine hydrochloride, 4 mg/kg, the monkeys were infused with glucose over 1 minute (1.05 g/ kg). Serial venous blood samples were taken and plasma glucose was analyzed (Hill and Kessler, 1961) . The glucose clearance constant was derived from a semilogarithmic plot of glucose concentrations. Blood samples were also obtained in the fasting state and at 4-month intervals during the study, placed in chilled tubes containing ethylenediaminetetraacetic acid (EDTA), and plasma was stored at -20°C until assay. Duplicate determinations were performed for cholesterol (Levine and Zak, 1964) , triglyceride (Kessler and Lederer, 1967) , albumin (Nishi and Rhodes, 1966) , and phosphate (Bartlett, 1959) , as well as potassium and sodium by flame photometry.
Hemodynamic Studies
After 18 months of observation, the monkeys were anesthetized with phencyclidine HC1, 4 mg/kg im following an overnight fast and, subsequently, pentobarbital (Nembutal) was administered iv in doses of 5 mg/kg at approximately hourly intervals to maintain a steady state. Hemodynamic data were obtained with the chest intact and the animals maintained in the left lateral position. Ventilation was regulated by a Harvard pump via a cuffed endotracheal tube to maintain pH and P02 within normal range. Catheters were placed in the pulmonary artery, left ventricle, and ascending aorta and were maintained patent with intermittent flushing of small volumes of saline. A 50 cm, 6F catheter was connected directly to a Statham strain gauge transducer (P23Gb), positioned at the level of the midleft ventricle and recorded on a multi-channel oscilloscope recorder (Electronics for Medicine). The frequency response of this pressure system was linear from 0 to 30 Hz/sec. A comparison of the fluid-filled system with a Millar catheter tip micromanometer has indicated that ventricular systolic and end-diastolic presures as well as the positive first derivative were in close agreement (Regan et al., 1977) , and in accord with other studies (Falsetti et al., 1971; Nivatpumin et aL, 1979) .
The first derivative of the left ventricular pulse (dP/dt) was computed continuously by an RC differentiating circuit and converted into mm Hg/sec. The amplitude of dP/dt was a linear function of frequency up to 70 cycles/sec. Ventricular diastolic pressure was recorded at sufficient sensitivity so VOL. 49, No. 6, DECEMBER 1981 that 1 mm Hg equaled 5 mm on the tracing. All measurements were made at the end-expiration phase of the respiratory cycle; an average of five separate determinations were taken.
Cardiac output and left ventricular volumes were determined in duplicate by the thermal indicator dilution method (Weisel et al., 1974; Weigand and Jacob, 1965) . End-diastolic volume measurements obtained with the indicator method have correlated with values obtained by angiography as detailed previously (Regan et al., 1977) . The least favorable comparison of the indicator and angiographic measurements has indicated that both methods reflect the same directional change during acute interventions. Thermodilution catheter placement and techniques used were decribed in an earlier report (Haider et al., 1977) . Left ventricular ejection fraction was obtained in duplicate. Five milliliters of cold saline were injected as a bolus at the inflow site of the left ventricle, and washout curves were determined from a thermistor just above the aortic valve. Adequate mixing appears to be present at this injection site since prior studies showed good correlation of the ejection fraction derived sequentially from left atrium and ventricular injection sites at the level of the inflow tract or apex (Regan et al., 1974) , End-diastolic volume was calculated from the ratio of stroke volume and ejection fraction and expressed per kilogram of body weight.
Contractility was assessed in the intact animal from an index expressing the end-isometric forcevelocity relation normalized for initial fiber length. This index exhibits a relatively narrow range in normal ventricles, increases in a predictable fashion with positive inotropic interventions, and is depressed in the presence of left ventricular disease (Frank and Levinson, 1968) . The formulation includes (dP/dt max/MIP) 2m, where dP/dt is the maximal rate of rise of left ventricular pressure in millimeters of mercury per second, MIP, the maximal isovolumetric pressures in millimeters of mercury, and 2TTI, the end-diastolic left ventricular circumference in centimeters (Frank and Levinson, 1968) . The left ventricular radius was calculated from end-diastolic volume on the assumption that the ventricle was a sphere at the end of the isovolumetric period. The units of contractility are muscle lengths per second per centimeter of initial circumferential fiber length.
Left ventricular function was further assessed during volume expansion (Regan et al., 1974) . A second catheter was introduced into the left ventricle and saline was infused at 24 ml/min. During the infuaion of saline, end-diastolic pressure was continuously recorded at high sensitivity, and the cardiac output and ejection fraction were determined after 3 minutes of infusion when the animals were in a steady state as judged by heart rate, aortic pressure, and ventricular end-diastolic pressure.
To determine if ventricular end-diastolic pres-sure increments during volume expansion are at least partially affected by enhanced intrapericardial pressure (Glantz and Parmley, 1978) , we assessed three normal dogs in the intact anesthetized state. A catheter was introduced into the pericardial space to determine ventricular end-diastolic transmural pressures by a modification of the transseptal technique (Weisse, 1969) . After normal saline was infused, at 50 ml/min for 4 minutes, into the left ventricular chamber, intrapericardial end-diastolic pressure was -1.2 ± 0.6 mm Hg compared to the control of -2.0 ± 0.7 mm Hg, a nonsignificant change. Moreover, sampling of right heart blood before and after 4 minutes of saline infusion revealed no decrease of hematocrit or serum albumin, implying that much of the solution diffused out of the vascular system without recirculation in this time span. Thus, the filling pressure responses in the rhesus monkey during innasion of a proportionate amount of saline into the left ventricle are considered to be largely independent of intrapericardial pressure.
Myocardial Ischemia
To evaluate the potential for ischemia in vivo on a macro-or microvascular basis, myocardial oxygen demand was enhanced by cardiac acceleration. A pacing catheter was placed in the right atrium and the rate was increased approximately 50 beats to between 220 and 240 beats/min. A coronary sinus catheter was positioned high in the coronary sinus for coronary blood flow measurement by the "Kr clearance technique (Harman et al., 1966) , in the control and pacing states. Paired blood samples were also taken from the aorta and coronary sinus for lactate analysis (Lowry et al., 1964) . The whole blood was immediately deproteinized in tubes with 6% perchloric acid on ice.
Myocardial Composition
Myocardial collagen was extracted after cold arrest of the heart with iced Ringer's solution. Transmural sections trimmed of epicardial adipose tissue and vasculature were taken from the free wall of the left ventricle and lyophflized for hydroxyproline analysis (Prockop and Underfriend, 1960) . To determine collagen solubility, myocardial sections from each monkey were homogenized in 20 times volume of ice cold 0.05 M Tris, pH 7.4, using a glass homogenizer at 4 C C (Bronstein and Piex, 1964; Uitto, 1979) . Noncollagenous proteins were removed in the supernatant fraction as verified by the absence of hydroxyproline. The residues were washed with the Tris buffer and homogenized in 0.45 M acetic acid to extract acid soluble collagen.
After stirring overnight at 4°C, the suspension was centrifuged at 50,000 g for 30 minutes, the supernatant saved, and the procedure repeated. The final residue of insoluble collagen was washed twice with acetone, then ether, and hydrolyzed with 6 M HC1 at 110°C for 24 hours. Aliquots of the two extracts were assayed in triplicate for hydroxyproline (Prockop and Underfriend, 1960) .
Transmural samples from the left ventricle were homogenized in phosphate buffer, extracted in chloroform-methanol, and analyzed for cholesterol (Levine and Zak, 1964) and triglyceride (Kessler and Lederer, 1967) . For electrolyte analysis, samples were homogenized and extracted for 48 hours in distilled water. Potassium and sodium were determined on an Auto Analyzer system with flame attachments (Technicon Instrument, Inc.). Tissue water was calculated from the wet weight-dry weight difference; the latter was determined by drying in an oven at 100°C to a constant weight. Sections were taken from the left ventricular myocardium for morphological examination without knowledge of animal identity. Specimens for electron microscopy were obtained immediately after cold-induced cardiac arrest and fixed in glutaraldehyde buffered with lead and uranyl acetate.
Coronary Arteries
For light microscopy, a section of the left anterior descending artery was taken 3 mm from its origin, fixed in 10% buffered formalin. The 1-jun section was stained with toluidine blue. Since our initial experience with the nondiabetic rhesus on the atherogenic diet indicated that after 18 months the coronary artery lesions were neither advanced nor complicated, we have employed analysis of arterial cholesterol content as a measure of the response to the lipid diet. Changes in lipid content are a major factor in the early stages of atherosclerosis and quantification of total and esterified cholesterol has been used as a quantitative marker for this process (Armstrong and Megan, 1972; Hollander et al., 1979) . The left anterior descending, circumflex, and right coronary arteries were dissected free of adventitial fat along their extramyocardial course under a dissecting microscope and opened longitudinally to examine for lipid streaks and plaques after removal of blood with moist gauze. After removal of adventitia under the dissecting scope, intima-media strips from the pooled arteries in each animal were minced, freeze-dried to a constant weight, and subsequently extracted with chloroform-methanol 2:1 (vol/vol). Aliquots of the extract were used for determination of total cholesterol and free cholesterol as a digitonin precipitate (Levine and Zak, 1964) . Recovery of 4-14 C cholesterol added to the lipid extracts before analysis averaged 91 ± 3%.
Statistical Analysis
For comparisons between the two groups, twoway analysis of variance was performed, employing a multiple range test when lvalues were significant (Zar, 1974) . To test significance between a control and intervention state, Student's t-test for paired data was employed, with probabilities of <0.05 or less taken as the level of significance. All the data are expressed as mean ± standard error.
Results
Over the course of the 18 months, up to the time of the terminal study, plasma electrolytes and serum albumin remained normal in the four experimental groups (Table 1 ). The final hematocrit was 42 ± 12 and 43.2 ± 1.9% in the two control groups, and 41.3 ± 1.5% and 41.6 ± 2.1% in the diabetic Purina and lipid-diet groups, respectively. Although the diabetic animals fed the Purina diet (group 3) tended to lose body weight, the change was not significantly different from group 1. Both the con- thereafter. The average for the terminal three months is provided in Table 1 . Plasma triglyceride was elevated in the diabetics but was not significantly different between the two diabetic groups, 3.1 ± 0.71 and 2.3 ± 0.6 mM/liter, with the Purina and lipid diets, respectively. The nondiabetic controls had levels of 0.7 ± 0.18 and 1.4 ± 0.26 mM/ liter, respectively.
Left Ventricular Hemodynamics
Basal hemodynamic values were not significantly different in the control and diabetic groups (Tables  2 and 3) . During volume expansion, there was no significant change in heart rate or mean aortic pressure. Both control groups exhibited a similar rise of left ventricular end-diastolic pressure, associated with a significant increase of stroke work. Both diabetic groups exhibited a significantly reduced response in terms of stroke work, despite enhanced end-diastolic pressure.
Examination of the end-diastolic filling pressure and volume relations in the control groups revealed a small but significant elevation of end-diastolic pressure and a proportionate rise of end-diastolic volume ( Table 2 ). In contrast, during saline infusion, filling pressure increased to 20.5 ± 2.7 mm Hg in diabetic group 3 and to 24.0 ± 3.3 mm Hg in diabetic group 4 (Table 3) . End-diastolic volume changed minimally in the two diabetic groups during infusion, a significantly different response from that of the control groups. No differences between the diabetic Purina and lipid-fed groups were observed.
To determine whether the pressure-volume response during preload increments may be related to Table 2 and, in the right panel, all the diabetics listed in Table 3 . The normals exhibit a significant enddiastolic volume rise, associated with a small filling pressure elevation in response to saline infusion. A higher filling pressure response with no significant enddiastolic volume increment occurred in the subset of diabetics.
Group-Diet
Control-lipid (n-11) Mean ± differences in the initial values of end-diastolic volume, we compared monkeys with similar initial volumes from both control and diabetic groups (Fig.  1) . Mean end-diastolic volume in these control animals was 2.1 ± 0.05 ml/kg, and in the diabetics, 2.2 ± 0.11. The end-diastolic pressure response to saline infusion in this subset of diabetics was significantly greater despite the smaller sample size (P < 0.05). The similarity of this response to that observed for the total groups supports the view that the enddiastolic pressure responses are not related to differences in the initial levels of end-diastolic volume in the diabetic and nondiabetic groups.
Calculation of the normalized index of contractility did not reveal any differences between the normals and diabetic groups at rest or during saline infusion (Tables 2 and 3) . Thus, at this stage of diabetes, myocardial contractility does not appear to be affected.
Myocardial Ischemia
To evaluate the potential for myocardial ischemia in the diabetic monkeys, coronary blood flow was measured by the ^Kr clearance technique. Studies in the nondiabetic animals was limited to the lipid diet group. Similar levels of blood flow were present in the control state (Table 4) . A heart rate increment of approximately 50 beats/min during atrial pacing in normals and diabetics elicited no change of coronary blood flow/100 g per beat. The absence of a flow change in normals and diabetics is characteristic of the normal heart in the range of heart rates studied (Pitt and Gregg, 1968 ). Furthermore, the myocardial extraction of lactate, with arterial concentrations stable, was not signifcantly altered during atrial pacing (Table 4 ).
In addition, transmural ventricular samples in the cold-arrested heart at termination of the pacing study revealed a [K + ]/[Na + ] in the control-Purina group of 1.38 ± 0.23, similar to that of the lipid- (Table 4 ). Cations in the diabetic groups did not differ significantly from their respective controls. Water content in the nondiabetics on the Purina or lipid diet was 78.9 ± 0.3% and 79.1 ± 0.4%, respectively. In the diabetic groups, myocardial water content was 78.4 ± 0.4% in the Purina group and 78.7 ± 0.5% in the lipid-fed animals.
Thus, several lines of evidence suggest that myocardial cells were preserved without evidence of myocardial ischemia in the diabetic groups.
Myocardial Composition
Measurement of hydroxyproline in the homogenized myocardium indicated that the diabetic FIGURE 2 Electron micrograph of a sample from the free wall of the left ventricle in a diabetic animal (22,0O0x) . The interstitial space contains significant amounts of collagen with periodicity seen in longitudinal fiber array (A). Numerous round bodies in the extracellular space are presumably cross-sections of this fibrous protein, which, when cut in varied tangential sections, as in a band of material running through the middle of the interstitial space, is not readily identified. Amorphous material (*~), presumably glycoproteins, located in juxtaposition to plasma membrane, did not differ in appearance from that of normal animals. There are occasional lipid bodies beneath the sarcolemma (*-). Long arrows indicte normal sarcoplasmic reticulum and mitochondrion. The myofibrils also appear within normal limits. groups had a significant increase of collagen as compared to normals (Table 5 ). The concentrations in the Purina-fed diabetics were not significantly higher than in the lipid-fed diabetics. Similarly, the lower levels in controls were not different in the two dietary groups. Since left ventricular weight-tobody weight ratios were comparable in these experimental groups, the accumulation of collagen in diabetics appeared to occur without hypertrophy. In addition, fasting serum glucose levels averaged for the last 3 months of the study revealed no significant correlation with collagen concentration.
To assess the physical state of myocardial collagen, differential salt extraction was performed. Recovery of insoluble collagen in the normals of groups 1 and 2 were 86.2% ± .83 and 83.6% ± .67, respectively. In diabetic groups 3 and 4, recovery was 85.1% ± 0.34 and 84.3% ± 0.4, respectively. Both diabetic groups had significant increments of insoluble collagen but diminished levels of acid soluble collagen, compared to the nondiabetic animals.
On electron microscopy, the distribution of collagen was observed to be pericapillary with penetration between myofibers (Fig. 2) . Amorphous material, presumably glycoproteins, was present in proximity to the fibrous protein. The appearance of collagen fibrils between myofibers was characteristic of the diabetic monkeys compared to controls. There was no morphological evidence that the cardiac cells were qualitatively affected by the accumulation of collagen in the interstitial space. On light microscopy, cardiac cells stained with hematoxylin and eosin showed no signs of inflammation.
Isolated lipid bodies were also observed in the cardiac cells of groups 2 and 4. On chemical analysis of myocardium, triglyceride was 7.3 ± .6 and 7.4 ± 2.0 /iM/g in these respective groups, compared to 3.6 ± 0.8 and 5.4 ± 1.5 in groups 1 and 3. These were not significantly different, due to the large variances. On chemical analysis, tissue cholesterol was increased in diabetic group 3 (4.9 ± 0.5 jtM/g) vs. 3.5 ± 0.6 in group 1 (P < 0.01). In the diabetic group 4, monkeys cholesterol concentration was 5.9 ± 0.4 vs. 4.7 ± 0.2 in the controls of group 2 (P < 0.05).
Examination of the unopened intact coronary arteries after separation of the periarterial adipose tissue revealed no evident lesions in any of the four groups, the arteries appearing relatively transparent. In the opened coronary artery, isolated fatty dots or streaks were observed under the dissecting scope of the lipid diet control group and both diabetic groups. These lesions did not appear to protrude into the lumen, and did not appear to be associated with raised plaques. On light microscopy of the l-fim sections from the proximal left anterior descending artery, apparently comprised predominantly of lipid and glycoprotein, there was modest asymmetric intimal thickening but no signs of necrosis or fibrous cap (Fig. 3) . This alteration ap-FIGURE 3 One-micron section from the proximal left anterior descending coronary artery in a diabetic rhesus monkey fed the Upid diet (toluidine stain) (30x). The intima is locally thickened, particularly in the mid-inferior portion of the artery without a fibrous cap. The undistended nature of this preparation makes it likely that the loss ofluminal area was minimal in vivo. Higher magnification indicated an abundance of amorphous material in this lesion, presumably glycoproteins, with lipid accumulation and some reduplication of the internal elastic membrane. Similar material was present in the adjoining media near the elastica. peared in Groups 2, 3, and 4, without an apparent difference in extent or prevalence. As an approach to quantification of this process, in each animal cholesterol analyses were performed on the pooled coronary arteries (Table 6) . Total cholesterol as well as the ester were significantly elevated above Purina controls in groups 2, 3, and 4; there was no significant difference between the two diabetic groups.
Discussion
Cardiac disease in diabetes has been traditionally attributed to coronary atherosclerosis and its complications. In the present study of animals fed an VOL.49, NO. 6, DECEMBER 1981 atherogenic diet, the transmural coronary arteries revealed no occlusive lesions in lipid-fed animals of the control or diabetic groups sufficient to produce myocardial ischemia. Total cholesterol and cholesteryl ester levels in the coronary artery as a measure of this process (Armstrong and Megan, 1972; Hollander et al., 1979) were only moderately elevated, and were no greater in diabetics fed saturated fat with cholesterol than the nondiabetics similarly fed. The low grade pathology of the coronary artery in the lipid-fed animals is due presumably to the relatively low levels of exogeneous cholesterol provided and the relatively moderate rise of serum cholesterol. By contrast, in experiments on nondiabetic monkeys of similar duration associated with a 5-fold increase of serum cholesterol (Armstrong and Mega, 1972) , total cholesterol in the coronary arteries was more than twice that exhibited by our animals. The basis for the modest sterol increments in the arteries of diabetics fed the low lipid diet is not entirely clear. Serum cholesterol was only modestly elevated. Whether the associated increases of serum triglycerides and free fatty acids associated with the higher fasting glucose levels contributed to the arterial accumulation of sterol and its esterification is speculative (Sosenko et al., 1980) . These metabolic abnormalities, as well as the weight loss in the diabetic-Purina group, could have been substantially prevented by sustained insulin therapy throughout the course of diabetes. However, such a use of insulin was considered undesirable, in view of the potential of this heterologous protein to enhance the atherosclerotic process (Stout, 1979) .
A prior study of alloxan diabetes in the squirrel monkey fed a high lipid diet implied that the development of atherosclerosis was dependent on an associated hyperlipidemia (Lehner et al., 1971) . Although nondiabetic controls with equivalent elevation of serum cholesterol were not included in these experiments, it is noteworthy that the coronary intimal lesions after an average of 29 months were described as fat-containing, in contrast to the raised plaques with fibrous cap observed in the aorta. Thus, it would appear that at the stage of fatty streak development in the rhesus monkey, the coronary artery response to hyperlipidemia is not dissimilar. However, since some atherogertic factors are postulated to act only after fatty streaks are formed (Tracey et al., 1979) , a longer duration of hypercholesterolemia sufficient to produce coronary plaques in nondiabetics might demonstrate potentiatdon by diabetes.
Although a potential for ischemia on the basis of microvascular disease may exist in the diabetic, there was no evidence of lactate production or diminished myocardial extraction during the moderate tachycardia induced with atrial pacing. This contrasts with a more severe hypercholesterolemic model in which, without evidence of a coronary flow deficit, myocardial lactate levels were higher than normal in the basal state (Zwolak et al., 1980) . The absence of myocardial ischemia as the basis for the observed functional and compositional changes in this rhesus model was further supported by the normal ratio of tissue K + /Na + , in contrast to the ratios observed in myocardial zones of mild ischemia (Hearse et aL, 1977) .
Quantitative morphological studies of the intramural coronary arteries were beyond the scope of this study. In a canine alloxan model, the media of the intramural vessels was observed to be involved with PAS-positive material without apparent change in lumen size (Regan et al., 1974) . The difficulties of interpreting small vessel changes in diabetes has been indicated by investigation of the db + /db + mouse in which small vessel changes were observed relatively late and were postulated as secondary to the process in the myocardium (Giacomelli and Wiener, 1979) . In addition, two independent studies of human diabetics have failed to support the view that the microvasculature is significantly affected in the myocardium (Crall and Roberts, 1978; Shirey et al., 1980) . Further, while microaneurysms have been observed after vessel fixation in hearts of human diabetics (Factor et al., 1980) , no specific abnormalities were observed in the tissues perfused by these vessels. Fibrosis or myocardial degeneration was as frequent in areas devoid of aneurysms.
Characterization of left ventricular performance by preload increments in diabetics elicited a subnormal stroke work response compared to the normal controls. This appeared to be based upon an altered end-diastolic pressure-volume relationship, manifested as a significantly higher end-diastolic pressure rise in response to saline. Since the elevation of end-diastolic pressure with volume expansion in the diabetics may be, in part, a function of resting left ventricular end-diastolic volume, subgroups of six control animals and five diabetics with similar end-diastolic levels were examined. The end-diastolic pressure response was significantly higher in the diabetics and was quantitatively similar to that observed in the group as a whole.
Left ventricular hypertrophy is known to independently influence the left ventricular pressurevolume relationship (Mirsky and Laks, 1980) . Since left ventricular weight was similar in the control and diabetic groups, this was not considered a factor. Moreover, as indicated under methods, intrapericardial pressure which may affect this relationship is not significantly altered by the regional infusion of relatively small volumes of saline into the left ventricular chamber.
It is noteworthy that the index of contractility did not differ from normal in these hyperglycemic animals, in accord with prior observations in a canine diabetic model with fasting normoglycemia (Regan et al., 1974) . Although on electron microscopy the myofibrils, sarcoplasmic reticulum, and sarcolemma appeared normal, increments of lipid in the cell in the form of triglyceride are presumed to be, at least in part, related to diversion of fatty acid from phospholipid (Regan et al., 1974) . This process may ultimately affect the function of cell membranes sufficiently to diminish contractility.
Increased hydroxyproline concentration in myocardium usually indicates enhanced collagen levels. If this amino acid was present in a greater proportion in the polypeptide chains of this protein than in the normal heart, this interpretation would be misleading. Complete amino acid analysis of myocardial collagen in diabetes is not available, but the composition of the altered insoluble collagen of the dermis has been reported in a diabetic mouse model (Kern et al., 1979) . Hydroxyproline accounted for approximately 10% of the total amino acid content, which is the normal level. In this study of the rhesus monkey, the distribution of collagen fibrils in relative abundance between myofibers, relative to controls by electron microscopy, supports the interpretation that there is a collagen concentration increase in the diabetic heart.
Enhanced collagen concentration in the left ventricle distributed between myofibers as well as at perivascular loci appears to be the basis for the decreased compliance observed in diabetic animals. Since the fibrous protein is known to increase prior to the development of substantial ventricular hypertrophy in aortic banded animals, the early increase of myocardial stiffness has been ascribed to this compositional change (Mirsky and Laks, 1980) . The basis for the collagen increment in the absence of hypertrophy in the chronic diabetic animal has not been examined previously. Evidence from this nonhuman primate study suggests that degradation may be diminished, since insoluble collagen was enhanced in heart muscle while the acid-soluble fraction declined. Similar changes have been observed in a short-term diabetic rat model with induced granulation tissue in the subcutaneous area. The diabetic state was associated with a diminished soluble fraction and an increase of cross-linkages, which interfere with the degradation of the fibrous protein by collagenase (Chang et al., 1980) . It is noteworthy that in the spontaneous diabetes of the obese db + /db + mouse there is clear evidence of interstitial collagen accumulation, with penetration between myofibers in the absence of coronary artery disease (Giacomelli and Wiener, 1979) . Since insulin resistance is characteristic of this model, an absolute insulin deficiency does not appear to be a requirement for the collagen abnormality.
Although we did not observe a correlation between fasting hyperglycemia and myocardial collagen content in the rhesus monkey, a broader range of glucose levels need to be examined to answer this question. The lack of correlation also may be related to an influence of a counter regulatory hormone such as growth hormone, which is reportedly elevated in diabetes (Kjelsden et al., 1975) . This hormone can intensify the collagen abnormality represented by basement membrane thickening in the insulin deficient state (Osterby et al., 1978) . Whether myocardial interstitial collagen is also affected by growth hormone remains to be demonstrated.
